Different aspects of the properties of the coexisting super-fluorescence (SFL), multi-wave mixing with the fluorescence signal in the sodium vapor are studied both theoretically and experimentally. First, by scanning the dressed-state, the properties of these coexisting processes, such as the SFL signal modulated by using the dark and bright states, the interplay between dressed-states, are observed for the first time. Then, by scanning the probe field, the interplay between the one-photon and two-photon processes of the coexisting signals is obtained with or without the external dressing fields. Such control on each process in such coexisting system has an important potential application in quantum communication.
I. INTRODUCTION
Recent progresses in parametric processes in atomic vapors such as parametric self-oscillation have permitted the applications of quantum communication. [1] [2] [3] [4] Using alkali atomic vapor with a "double-" configuration, fourwave mixing (FWM) process occurs where Stokes and anti-Stokes photons are parametrically generated which can be quantum-mechanically correlated both theoretically 5 and experimentally. 1 Usually, such third-order nonlinear parametric process associating with second-order nonlinear process occurred in nonlinear crystal is named as super-fluorescence (SFL) processes. 6 In addition, n-wave mixing process 7 can be occurred in a multi-level atomic system by use of (n − 1) incident beams and one generated signal satisfying the corresponding phase-matching condition (PMC), where n ≥ 4. By carefully designing the optical layout according to the PMC, several multi-wave mixing (MWM) processes can coexist in a common atomic system, which can be identified by each electromagnetic induced transparency (EIT) window. 8 Motivated by this, with appropriate conditions such as powers of incident beams, one can merge the parametric process into a common multi-level atomic system.
In this paper, we show the properties of the coexisting SFL and MWM processes with fluorescence (FL) signal in an inverted-V-type four-level (IV4) atomic system both theoretically and experimentally. By scanning the frequency of pumping field or the position of the dark and bright states driven by the dressing fields, different aspects of each signal are investigated carefully. First, by scanning the dressed-state, the properties of these coexisting processes, such as the SFL signal modulated by uses of the dark and bright state, the interplay between dressed-states, are observed for the first time. Then, by scanning the probe field, the interplay between the one-photon process and two-photon process of these coexista) Authors to whom correspondence should be addressed. Electronic addresses: cbli@mail.xjtu.edu.cn and ypzhang@mail.xjtu.edu.cn ing signals is obtained with or without external dressing fields.
The theoretical fittings agree with the experimental data well by taking the power broadening into account.
II. BASIC THEORY
In current experiment, an IV4 atomic system involving 3S 1/2 (|0 ), 3P 1/2 (|2 ), 3P 3/2 (|4 ), and 4D (|3 ) in sodium atom is used for the productions of MWM processes by coupling several laser fields as shown in Fig. 1(a) . By turning on and off the corresponding incident fields, one can control the result of the MWM process. First, by blocking beams E 3 and E 3 , a FWM process occurs in the cascaded-type three-level (C3) subsystem (|0 ↔ |2 ↔ |3 ) by three incident fields E 1 , E 2 , and E 2 with a generated signal E FWM satisfying the PMC
that denotes the wave vector of the corresponding electric field E i (E i )). Next, when opening all the laser fields except E 2 , a generated six-wave mixing (SWM) signal E SWM can be obtained via the atom-field interaction, i.e., the IV4 atomic system (|0 ↔ |2 ↔ |3 ↔ |4 ) with E 1 , E 2 , E 3 , and E 3 satisfying the PMC 3 . Therefore, when opening all the laser fields, the coexisting FWM and SWM processes are obtained.
However, if the field E 1 has a higher power, these coexisting MWM processes will accompany a so-called conical emission process [1] [2] [3] [4] [5] [6] occurred in a "double-" configuration by taking the hyperfine structures (F = 1 (|0 ) and F = 2 (|1 )) of the ground state 3S 1/2 into account as shown in the inset of Fig. 1(a) . Such process is well interpreted by the self-diffraction-type FWM (SD-FWM) process with a conical propagation with respect to the pumping field E 1 , in which the strong pumping field E 1 is mixed with two weak fields, Stokes field E s and anti-Stokes field E as , satisfying the PMC k s = 2k 1 − k as or vice versa (see the inset of Fig. 1(a) ). To distinguish the above FWM signal E FWM , these generated signals are named as SFL signals (E s and E as ), respectively. Theoretically, one can describe the MWM process by solving the density matrix equation of motion under the Hamiltonian of the system, which can be easily solved by using the perturbation chain via the Liouville pathway. 9 In current experiment, the delay between two beams is fixed at zero (τ = t 1 − t 2 = 0). Using Doppler free effect and narrow band approximation, 10, 11 one can get the stable solution including an exponential term exp(−iω 1 t). Considering the intensity of the measured signals, we concern, is proportional to the modular square of the stable solution, the term exp(−iω 1 t) does not contribute to the result. Therefore, we use the stable solutions without exp(−iω 1 t) to analyze the measured results (FWM, SWM, SFL, and FL signals) throughout the paper.
For the first case, via the pathway ρ (0) 00
20 and the dressing effects of E 2 and E 3 , one can get the density matrix element relating to the measured FWM signal
where G i = μ i E i /¯(i = 1, 2, and 3) is the Rabi frequency, ij is the decay rate, and frequency detuning is i = ω mn − ω i (i = 1, 2), where ω mn denotes the corresponding transition frequency.
With the pathway ρ (0) 00
20 and the dressing effects of E 2 and E 3 , ρ (5) SWM can be obtained as
where
For the SFL signals, such parametric process can be dealt with the quantum theory. When light propagates in the nonlinear medium it evolves under the Hamiltonian of the system, the measured intensities 12 of the SFL signals are given as
where m = −iω s χ 
21(s) and ρ (0) 00
Here, taking the dressing effects of E 2 and E 3 into account, one can obtain the modified formations as
, and 10 = 1.7 GHz. By substituting Eqs. (5) and (6) into (3) and (4), the dressed SFL signals are obtained.
Finally, the FL signal radiated from all levels is collected to monitor the interaction of the incident fields, and the intensity of this signal is related to the diagonal elements of density matrix. In current system, via the pathway ρ (0) 00
22 (FL signal radiated from level |2 ) and the dressing effects of E 2 and E 3 , the density matrix element ρ (2) 22 is given as
Similarly, the pathways of the FL signals radiated from level |3 and |4 are ρ (0) 00
and ρ (0) 00
44 , respectively. Taking the dressing effects of E 2 and E 3 into account, the dressed density matrix elements of the FL signals radiated from |3 and |4 are ρ (4) 
III. EXPERIMENTAL RESULTS AND DISCUSSION
To produce the coexisting MWM signals, three dye lasers (Narrowscan, 0.04 cm −1 linewidth) pumped by an injection locking Nd:YAG laser (Continuum Powerlite DLS 9010, 10 Hz repetition rate, 5 ns pulsewidth) are used to generate the pumping field E 1 and driving fields E 2 , E 2 , E 3 , and E 3 , respectively. The pumping field E 1 and FWM signal E FWM (or SWM signal E SWM ) have orthogonal linear polarizations due to the driving fields E 2 and E 2 (or E 3 and E 3 ) that are set to be in an orthogonal configuration 7 as shown in Fig. 1(b) . According to the PMC, the generated FWM signal and SWM signal propagate along the opposite directions of E 2 and E 3 , respectively, separated by a pair of polarizing beam splitters (PBS) and detected by a pair of fast detectors via collecting lenses and a fast gated integrator (gate width of 50 ns). They have a symmetrical small angle θ with respect to the direction of the collinear counterpropagated beams E 1 and E 2 (or E 3 ). Meanwhile, the SFL signals E s and E as emit conically with the cone angle of 2θ , where the generated MWM signals are collinear with the hypotenuse of the cone. Therefore, both FWM signal and SWM signal are accompanied with the SFL signals, named as SFL s -FWM channel and SFL as -SWM channel, respectively.
First, when opening all the laser fields except E 3 and E 3 , Figs. 2(a)-2(c) show the measured signals from the FL channel, SFL s -FWM channel, and SFL as -SWM channel, respectively, by scanning the pumping field E 1 (ω 1 , 1 ) at each discretely fixed detuning 2 . Note that, there is no SWM signal in the SFL as -SWM channel due to E 3 and E 3 that are blocked in this case. Except for their spectral positions of one photon frequency detuning 2 (from top to bottom: 174.4 GHz, 82.9 GHz, 27.6 GHz, 0, −32.8 GHz, −86.3 GHz, and −122.5 GHz, respectively), occurring at 300 GHz intervals, all the other experimental conditions, such as the oven temperature (230
• C), beam powers (P 1 = 150 μW, P 2 = 200 μW, and P 2 = 200 μW), and beam waists (all with diameters ∼1 mm), are identical. Figure 2(a) shows the total FL signal possessing two peaks. The fixed one from top to bottom is the one-photon peak (ρ (2) 22 ) originated from the pumping field E 1 , while the other one is two-photon peak (ρ (4) 33 ) satisfying the condition 1 + 2 = 0 in Eq. (8) . By gradually varying the position of 2 on the absorption profile, one can observe the interplay between these two processes (ρ (2) 22 and ρ (4) 33 ), which has a maximum emission at position 2 = 0, both satisfying the one-photon resonance and twophoton resonance, simultaneously. Next, Fig. 2(b) shows the coexisting SFL signal E s and FWM signal in the SFL s -FWM channel, where the position of the SFL signal E s labeled by the dashed line does not change due to its relationship with the pumping field E 1 , while the FWM signal is varied from left to right according to the position of 2 . The interplay between the FWM signal and SFL signal E s is observed in Fig. 2(b) from the third to the fifth rows, in which the onephoton peak of SFL signal is enhanced by the two-photon peak when 2 is close to 1 . Finally, Fig. 2(c) shows the individual SFL signal E as which is suppressed at resonant 2 = 0 due to the dressing effect of E 2 . Figures 2(d)-2(f) are theoretical curves by the uses of Eqs. (1) and (5) Furthermore, we use a different way to study the dressed effect on the SFL signal E as by scanning the dressing field E 2 at each discretely fixed detuning 1 of E 1 while the rest beams are blocked. Such method can control the position of the dark state and bright state, and can highlight the dressed results of the individual SFL signal E as while the other irrelevant signals are free as the background. Therefore, the dressed SFL signal E as experiences successively one bright state ( 1 + 2 /2 ± 2 2 + 4G 2 2 /2 = 0) and one dark state ( 1 + 2 = 0) at near-resonance region, and then one dark state ( 1 + 2 = 0) at resonant region, respectively. The experiment conditions are identical with above. Figure 3(a) shows the measured SFL signals with the dressing effect of E 2 by means of such way. The baseline level of each curve is the intensity of the SFL signal E as , which makes up the profile of the SFL spectrum versus the detuning 1 as shown in Fig. 2(c) . The line shape of each curve represents the encountered state of SFL signal E as caused by scanning the dressing field E 2 , that is, the bright state (peak shown in Fig. 3(a5) at off-resonance region) or dark state (dip shown in Fig. 3 (a3) at resonance region) or both of them (dispersion-like shown in Figs. 3(a1), 3(a2), and 3(a4) at near-resonance region).
With the help of the dressed energy-level scheme shown in Fig. 3(b) , one can easily understand the physical process occurred in each point shown in Fig. 3(a) . No matter what kinds of power and scanned scale of the dressing field E 2 are used to act on energy level |1 , the generated bright state |G 2± cannot go beyond the bare state |1 . For example, fixing the detuning 1 at resonance transition shown in Fig. 3(b3) , only one dark state modulates the signal. However, at off-resonance region shown in Figs. 3(b1) and 3(b5), the dominant process becomes the bright state where the effect of the dark state becomes too weak to appear on the spectrum profile. Therefore, at near-resonance region, both of them appear on the spectrum, that is, one bright state and one dark state as shown in Figs. 3(b2) and 3(b4) . Now, we concentrate on the properties of the coexisting FWM, SWM, and SFL processes when all incident beams are open. Differing from above case, there is a SWM signal coexisting with the SFL signal E as in the SFL as -SWM channel due to the applied fields E 3 and E 3 . Except for the powers of the new applying beams (P 3 = 200 μW and P 3 = 300 μW), the rest experimental conditions are identical with those used above. In the first case, we fix the detuning 3 = −22.4 GHz. By scanning the field E 1 at discretely fixed 2 (−105.3 GHz, −55.2 GHz, −18.9 GHz, 24.1 GHz, 43.2 GHz, and 101.8 GHz, respectively), Figs. 4(a)-4(c) show the measured signals from the FL channel, SFL s -FWM channel (coexisting SFL and FWM signals), and SFL as -SWM channel (coexisting SFL and SWM signals), respectively. For the FL signal, the interplay between two peaks corresponding to the onephoton peak (ρ (2) 22 ) and the two-photon peak (ρ (2) and (5)-(9). 1 + 2 = 0 is observed, which is different from the case of Fig. 2 . The reason of suppression is that the dressing effect of the applied fields E 3 and E 3 is introduced in such case according to Eq. (7). Figure 4(b) shows the interplay between the coexisting SFL signal E s and FWM signal E FWM with the dressing effects of E 2 and E 3 . The observed evolution is similar to that presented in Fig. 2 . There is a new phenomenon in the SFL as -SWM channel (see Fig. 4(c) ) that the SFL signal E as and SWM signal E SWM coexist. Same as discussed above, the position of one-photon peak of the SFL signal does not change and the SWM signal will be suppressed by E 2 and E 2 due to the term A 30 = d 30 + |G 3 | 2 /d 40 in Eq. (2) at the resonance place (see Fig. 4(c3) ). Whereas the two-photon peak ( 1 + 2 = 0) of the SWM process varies from left to right by discretely changing 2 in which the maximum point appears at 1 + 2 − 3 = 0 as shown in Fig. 4(c5) . Taking the dressing effect into account, we show the theoretical results in Figs. 4(d)-4(f) which agree well with the experiment.
To seek the properties of the three-photon process of SWM signal, in the second case, we set 1 = 5.5 GHz. By Fig. 5(a) , the profile made up of the baseline levels of each curve originated from the fields E 3 and E 3 (i.e., ρ (6) 44 ). The dip on the left wing of each signal is the suppressed FL signal of the pumping field E 1 due to the dressing effect of fields E 2 and E 2 , and it is determined by the term (|G 2 | 2 /A 30 ) in Eq. (7). The peak of each signal is a two-photon peak ( 1 + 2 = 0), i.e., ρ (4) 33 , which will be suppressed when the detuning 3 is close to the resonance due to the term A 30 = d 30 + |G 3 | 2 /d 40 in Eq. (8) . Therefore, each curve is a combination of the three signals mentioned above, which is shown in Figs. 6(a)-6(d) step by step. Figure 6(a) shows the dressing results of E 2 (E 2 ) and E 3 (E 3 ) on the FL signal |ρ (2) 22 | 2 (radiated from the level |2 , and the dressed energy-level scheme is given in Fig. 6(a1) ) with 3 = −87.3 GHz, 14.9 GHz, and 52.1 GHz from left to right, respectively, which display a small suppression at resonance due to the dressing effects from E 2 (E 2 ) and E 3 (E 3 ) as shown in Eq. (7). However, the dressing effects of E 3 and E 3 directly act on the FL signal |ρ maximum suppression at 3 ∼ 0 (see Fig. 6(b) ). Figure 6 (c) shows the FL signal |ρ (6) 44 | 2 (single photon radiated from the level |4 to |0 ) at these fixed detunings 3 , which gets the maximum value at 3 ∼ 0. Next, only one FWM peak can be observed in each curve due to the fixed frequency detuning 1 , in which the baselines corresponding to the intensity of SFL signal E s have the same height. A small suppression caused by fields E 3 and E 3 will appear at the detuning 3 ∼ 0 (see Fig. 5(b4) ). Finally, in contrast to the case presented in Fig. 4(c) , a three-photon peak ( 1 + 2 − 3 = 0) of the SWM signal is observed as shown in Fig. 5(c) . Note that, the SWM signal will be split into two peaks, i.e., Autler-Townes splitting effect caused by the combination of all driving fields. The dip is the suppressed SFL signal E as by the combined dressing effects from E 2 (E 2 ) and E 3 (E 3 ), which is because of the same reason with fluorescence signal |ρ (2) 22 | 2 . According to the above analyses and taking the power broadening into account, the corresponding theoretical curves are displayed in Figs. 5(d)-5(f) which fit the experiment data very well.
IV. CONCLUSION
In summary, we have presented the properties of the coexisting FWM, SWM, and SFL processes with the FL signal in the IV4 atomic system both theoretically and experimentally. By scanning the frequency of pumping field or the position of dark and bright states driven by dressing fields, different aspects of each signal are investigated carefully. First, by scanning the pumping field E 1 at each discretely fixed frequency detuning of driving fields E 2 and E 2 , the interplay between the one-photon process originated from the pumping field and two-photon process of the MWM processes is obtained with or without the driving fields E 3 and E 3 . Then, by scanning the driving fields E 2 and E 2 , the properties of these coexisting processes, such as the modulated SFL signal by use of the dark and bright state without the driving fields E 3 and E 2 , the interplay between the two-photon process of FWM process and the three-photon process of SWM process, are observed. The controllability of each process in such coexisting system has an important potential application in quantum communication.
